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ABSTRACT 


To  hmtn  sstfiblfsh  the  dynamics  of  the  hu»an  body  the 
mechanical  Impedance  was  measured  as  two  subjects  were  exposed 
to  vertical  sinusoidal  motion  at  frequancles  frcm  !  to  20 
cycles  per  second.  The  Impedance  In  the  supine,  lateral,  and 
standing  subject  positions  and  Its  variation  due  to  voluntary 
change  In  muscle  tone  and  due  to  padding  the  support  were  deter¬ 
mined.  in  all  tests  the  frequency  Interval  from  4  to  cycles 
per  second  was  found  to  contain  the  Initial  whole  body  resonance. 
Nonlinearity  of  the  response,  as  established  by  Impedance  depend¬ 
ence  upon  shaketable  acceleration  levbl,  wms  observed  by  alter¬ 
ing  the  peak  shaketable  acceleration  from  0.2  to  0.3S  to  0.5  g> 
The  degree  of  nonlinearity  was  found  to  be  dependent  upon  subject 
position  as  well  as  subject  physiological  differences.  Changes 
in  support  padding  and  muscle  tone  produced  substantial  alterat¬ 
ions  in  Impedance  but  little  variation  of  resonant  frequencies. 
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INTRODUCTION 


So  long  as  tha  ve’’satnity,  reUabltlty,  and  decision  making 
capacity  of  tl.e  human  operator  remain  without  inanimate  substitute, 
the  environmental  limits  outside  of  which  human  abilities  fail 
must  be  established.  Random  vibration  is  one  environmental  factor 
encountered.  Critical  vibrations  beyond  which  human 
performance  Is  Impaired  can  be  found  by  determining  the  response 
of  the  human  body  and  mind  to  subcritical,  ordered  vibration  and 
then  carefully  extrapolating  to  critical  conditions  reorcsented 
by  random  vibration.  Design  of  manned  vehicles  and  devices  utiliz¬ 
ing  results  of  such  investigations  will  minimize  vibration  inter¬ 
ference  with  operator  performance. 

To  establish  human  responses  to  vibration  previous  investi¬ 
gators  used  various  techniques.  Clark,  Lange,  and  Coermann 
(ref,  7)  reported  the  response  in  terms  of  body  deformation  while 
Wilte,  Lange,  and  Coermann  (ref,  13)  determined  internal  pressures. 
ZIegenruccker  and  Mag id  (ref,  17)  found  the  subjective  tolerance 
to  short  tl'.ne  vibration  by  Increasing  the  shaketable  amplitude 
at  each  respective  frequency  until,  ir  the  subject's  opinion,  a 
further  increase  would  result  in  bodily  harm.  Coermann  (ref.  3)^ 
Hopkins  (ref,  /) .  Wittwer  (ref.  15)  and  Weis,  Clarke,  and 
von  G’erke  (ref.  12)  s»f<ployed  the  mechanical  Imnedance  method 
while  Krause  and  Lange  (••€?,  8)  and  Coermann,  Ziegenruecker, 
Wittwer,  and  von  Gierke  (ref.  4)  established  significant  correlat¬ 
ions  among  the  various  methods. 

The  determination  of  the  wf.oln  body  vibration  response 
Involves  finding  resonant  fr-squencies  of  Individual  body  organs 
and  body  subsystems  consisting  of  several  organs  or  body  parts. 
Because  many  of  these  organs  ar^  inaccessible  to  direct  measure¬ 
ment  during  vibration,  external  Investigation  techniques  sensitive 
to  these  resonances  have  to  be  used.  Mechanical  impedance  offers 
this  advantage  and  therefore  was  the  technique  chosen  for  the 
present  Investigation. 
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SECT! ON  U 


THEJ^ETSCAL  ASPECTS  OF  MECHANICAL  IHPEDA&fCE 


The  vibration  exciter  used  in  this  invest Sgsi -'jr,  was  the 
Wenner-Gren  Aeronautical  Research  Laboratory  Sjectrahydreul 5 c 
shaketable  shown  in  figure  I  (ref  9;  ref  H).  Analogous  to 
the  technique  used  by  Coert?j3nr:  (ref»  3).  the  ratio  of  the  maK- 
imun:  force  transmitted  per  cycle  betii/een  subject  and  shaketabie 
to  the  maximum  velocity  occur ing  at  the  point  of  force  trans¬ 
mission  during  the  cycle  is  defined  as  rncchonica?  impedance: 

^  ”  ^mox'^'^max  fe- 

ivhcre  2  »  mcchanicai  impedance  (ib-sec/in) 

^max  “  force  transmitted  per  cvcTe  (lb) 

Vmax  ®  maximisn  velocity  per  cycle  ( in/sec} 

»  difference  in  phase  of  the  maximum  force  and 
maximum  velocity. 

The  mechanical  impedance  for  a  linear  spr ing-riass-damper 
system  as  shewn  in  figure  2  can  be  expressed  as 

ZOC(Z^,  2c,  2j(K(k/w,  c,  mw)  (2) 

where  2|^,  2^^ .  and  represent  the  mechanical  impedance 

values  of,  respectively,  the  sp'^ing, 
damper,  and  mass 

k  »»  Mnear  spring  constant  (Ib/in) 
w  <■  '  igular  velocity  (radians  per  second) 

»  W,  where  f  Is  the  frequency  of  the  shaketable  in 
,ycies  per  second. 

c  •  linear  dainplng  constant  (Ib-sec/in) 
m  •  mass  (ib-cccVin). 

For  a  given  frequency,  then,  (see  equation  2)  the  total  ifr^ed- 
ance  of  a  linear  system  !s  a  constant  with  magnitude  dependent  onl, 
upon  the  existing  arrangement  of  the  components  of  the  system. 

If  the  human  body  Is  approximated  by  a  finite  number  of 
linear  systems,  then  for  a  given  frequency  the  toto?  vdiole  body 
Impedance  will  be  the  stm;,  depending  upon  the  arrangement  of  the 
systems,  of  the  Individual  syst<»n  impedarsce  va’ues. 

Moreover,  if  the  in^edance  of  each  system  were  censtant.  the 
total  whole  body  if?ipcdance  must  be  also  constant  for  a  body 

system  composed  of  individual  linear  systerris.  Whereas,  if  the 
total  whole  body  impedance  were  fourfd  to  be  dependent  upon  shake- 
table  acceleration  at  any  given  frequency,  then  non  i  s’ near  i  ty 
exists  in  the  whole  body  system. 
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Figure  Wenr.er-G''tn  Aeronautical  Research 
labor  at  Shake  table 


At  f^rct|u®nc  I  cs  bdcw  2  cps  ths  hifFfjan  body  responds  to 
vibration  similar  to  a  rigid  mass,  above  20  cps  the  harm- 

fuJ  effects  can  be  controlled.  The  2  to  20  cps  interval,  howeve 
has  been  foune  to  contain  body  resonances;  consequent Iv,  <t  is 
desired  to  measure  the  whole  body  inpedance  in  this  critical 
frequency  region.  After  whole  body  impedance  curves  are  avail¬ 
able,  it  must  be  attempted  to  interpret  them.  The  whoie  body 
system  should  then  be  further  Investigated  by  testinq  its  Haear 
ity  through  variation  of  the  shaketable  input .  and  by  havinq  the 
subjects  systefaat  ically  change  parameters  over  which  they  have 
control ,  such  as  muscle  tone. 


figure  2.  A  rriechanica!  system  undergoing  sinusoidal  rcticn 
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SECTIOrj  HI 


IKPEDANCE  MEASUREHENT  TECHJ^SQUE 


Figure  3  illustrates  the  instrurrucntation  and  also  shows  a 
subject  in  the  supine  position  atop  the  shakctable.  Figure  4 
is  a  block  diagram*  of  the  instrurnentat ion  used  for  11^*:  barter; 

measurements. 


Figure  3,  Supine  subject  with  related  impedance  instrurrientat  ion 
set-up 

The  cicctrohydraul  ic  shoketable  (ref.  H)  is  capable  cf  p^^oduc- 
inq  continuously  variable  motion  within  the  limits  of  10  inches 
of  amplitude,  frequencies  to  100  cycles  per  second,  and  velocities 
to  80  inches  per  second.  These  limits  correspond  to  accelerations 
up  tc  12  q  and  vector  force  outputs  up  to  30C0  pounds. 

A  custom  built  force  cc! l-acculcrometcr  orran  yf'r'iCnt  f  r  ci  r  roc"'' 
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-A 


3,  Velocity 

4,  Excitation 

5.  Net  Force 

6.  In^dance 

Figure  4.  A  block  diagram  of  the  Instrumentation  used  for  impedance  recording 


Figure  5.  Partially  disassembled  i«Rpcdance  force  table 
showing  the  four  force  cells  syrra7*5;trical  ly 
located  around  accelerometer 

impedance  measurement  is  located  between  the  support  and  the 
shaketable  (ref,  9).  Figure  5  is  a  view  of  this  unit  partial iy 
disassembled.  The  spring  type  deformation  response  of  the 
cylindrical  force  cells  to  force  transmission  through  ’hen 
sensed  by  semiconductor  strain  gages  attached  to  the  wal#s,  ilpGr, 
vibration  an  accelerometer  mounted  as  sht»#r>  on  the  shaketalle 
produces  an  electrical  signal  proportional  to  the  force  rran  mittei 
from  the  subject  support,  which  is  sturdy  enough  to  be  ccnsiderc'l 
an  inert  mass.  This  signal  is  then  electrically  subtracted  in  a 
combiner  from  the  total  force  signal  to  yield  the  "live  lead"; 
namely,  the  net  force  of  the  subject  alono.  In  the  divider  tliij 
net  force  is  divided  by  a  constant  equal  to  the  peak  velocity  at 
any  one  frequency,  this  yields  another  vector  vd^cse  peak  va’oe 
equal n  the  magnitude  of  impedance.  This  signal  along  w’ th  that 
of  the  shaketable  velocity,  was  fed  to  a  He! 'and  Visicorder  for 
recording  of  the  traces  on  photosensitive  paper.  From  these  two 
traces  the  phase  angle  of  the  impedance  was  measured.  Thus, 
both  the  impedance  magnitude  and  phase  angle  v/cre  obtained. 
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Figure  6.  Impedance  calibration  irate 

from  VIsIcorder 

T>»e  test  procedure  for  a  given  subject  frequerty 

range,  and  table  accelerattcm  level  consisted  of  (i)  pretest 
calibrating,  (2)  positioning  the  subject  on  the  support,  (3) 
bringing  the  shaketabte  inotion  up  to  the  required  intensity  ♦or 
each  frequency,  (4)  recording  the  impedonce  ana  vclorjry  traces 
from  the  Vislcorder,  and  CS)  recal ibrsting  ofter  the  ce^p'^et  ?er. 
of  testing. 

levpedance  calibration  was  accomplished  by  setting  the  vefec^rv' 
divisor  to  unity  and  then  successively  placing  three  25  pound 
weights  on  the  table  and  renxjving  them  aga'n  one  by  one.  &n<5 
finally  applying  a  162  pound  weight.  The  trace  thus  obtained, 
figure  6,  represents  impedance  values  equal  to  those  of  the 
weights  applied  to  the  table.  Measurements  of  these  traces  sh&ic6 
that  the  force  cells  are  linear.  The  velccltv  caiibrotion  was 
accc^pl  ished  at  a  table  frequency  o*'  I  cps  with  ?  Inches  ampHtude, 
resulting  in  a  peak  velocity  of  12.55  inches  second.  Figure 
?  illustrates  a  typical  recording  of  V  and  2.  Frc^j  such  curves 


and  thp  respective  calibration  data  the  desired  .mpedance  values 
and  phase  angles  were  obtained. 

Two  supports  were  developed  for  tf^e  different  subjuc?  pos^t- 
'Ons  to  be  tested,  Figure  8  shows  the  support  used  for  tne  s-jp'nc 
and  >atera3  positions. 


Figure  7.  Impedance  and  velciJlv  traces 
from  VIsIccrder 

A  plywood  surface  with  steel  undcrbraclng  was  uped  tc  ^nake  this 
support  a  rigid  structure.  The  support  for  the  standing 
position  consisted  of  a  12”  by  15"  reinforced  steel  surface. 

For  each  test  point,  the  proper  table  freguency  and  asrpiEt  jdfc, 
and  therefore  acceleration  level,  were  achieved  by  adjusting  :he 
shaketable  controls,  and  the  traces  were  then  recc?  ded  ^‘or  apprex 
Inatf'ly  iQ  seconds,  A  constant  acceleration  ^evel  was  oo^ntai'-ed 
throughout  the  I  to  20  C|.5  test  Interval. 

The  tw^o  subjects  used  for  these  tests  werx*  ACF  and  RGE: 


S 


Subject 

AEF 

RGE 


_ Height  Weiqhf 

2^  5*n”  171 


6*3’* 


Figure  8. 


Support  used  for  itr^edance  tests  of 
supine  and  lateral  subjeciv 
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SECTION  IV 


THE  MECHANICAL  IMPEDANCE  OF  TWO  HUMAN  SUBJECTS 


Supine  Pcsition,  Varied  Muscle  Tone 

Figures  9  and  10  are  the  graphs  of  impedance  versus  frequency 
for  AEr  and  R6E,  respectively,  with  tnuscle  tone  as  a  par3r!>eter. 

In  tnese  tests  the  Impedance  was  recorded  at  each  frequency, 
first  with  the  subject  tensing  his  muscles  as  much  as  possib’e 
and  then,  without  altering  the  sheketable  motion,  with  the  subject 
relaxing.  This  procedure  was  followed  throughout  the  frequency 
range. 

The  dependence  of  impedance  on  nniscle  tone  is  apparent. 

For  each  subject  a  40-50%  systematic  differer  e  in  impedance 
exists  over  extended  frequency  ranges.  Sudden  f luctuat ions  of 
impedance  during  any  one  n^asurement  may  very  well  be  caused  by 
the  inability  to  maintain  the  same  muscle  tone  long  enough 
or  by  sporadic  muscular  changes.  The  impedance  of  the  relaxed 
subjects  Is  smaller  than  that  of  the  tensed  subjects  up  tc  approx¬ 
imately  11  cps  and  vice  versa  beyond  this  frequency.  it  *5  post¬ 
ulated  that  this  is  the  result  of  decreased  damping  and  increased 
stiffness  due  to  tensing  the  muscles,  the  impedance  of  the  tensed 
subjects  at  low  frequencies  consisting  predominatly  of  elastic 
and  mass  components  while  damping  effects  predominate  at  high 
frequency. 

The  phase  angle  curves  for  both  subjects  substantiates  this 
analysis.  Up  to  approximately  7  cps  the  phase  angle  of  the  tensed 
subject  Is  greater  than  that  of  the  relaxed.  Beyond  about  7  cps 
the  increased  elastic  conq>onent  of  the  tensed  subject  is  character 
ized  by  a  lower  phase  angle  than  that  of  the  relaxed  subject. 

Resonances  of  each  subject  appear  at  6  cps  and  in  the  8-10 
cps  interval.  The  effect  of  changing  the  muscle  tone  is  not 
reflected  by  a  significant  corresponding  change  in  resonant  freq¬ 
uency  as  one  would  expect.  Another  resonance  is  recorded  in  the 
16-19  cps  range;  however,  a  resonance  of  the  support  structure 
was  detected  at  approximately  18  cps  and  consequently  little  sign! 
icance  can  be  attached  to  the  Impedance  In  this  region. 


Supine  and  Standing  at  Three  Different 
Shaketabic  Accelerations 

Figures  11  through  14  are  impedance  curves  at  shaketable 
acceleration  levels  of  0,2  g,  0.35  g,  and  0,5  g-  Figures  II 
and  12  represent  AEF  and  RGE,  respectively,  in  the  relaxed 
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PHASE  ANGLE  (DEGREES)  IMPEDANCE  (LB-SEC/IN) 
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Figure  9«  VIhole  body  mechanical  impedance  versus 
frequency,  subject  AEF,  supine  tensed 
and  supine  relaxed. 
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FREQUENCY  (CPS) 


Figure  10,  Whole  body  nicchanical  isr-pedance  versus 
frequency,  subject  RGE,  supine  tensed 
and  supine  relaxed. 
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PHASE  ANGLE  (DEGREES)  IMPEDANCE  (LB-SEO/IN) 
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Figure  11.  V4to1e  body  mechanical  i(T^}edance  versus 
Frequency,  with  table  acceleration 
level  as  a  parameter,  subject  AEF,  supine 
relaxed 
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Figure  12, 


Whole  body  mechanical 
frecuency,  with  table 
level  as  a  pafameter, 
supine  relaxed 


impedance  versus 
accelerat ‘on 
subject  RGE, 
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FIfvr*  13*  nwchtnical  {iti|>«cl«nc«  versus 

friyuncy,  with  ttble  acceleration 
iaval  at  a  paremetar,  subjact  AEF, 
•tending  ralaxad 


0  8  4  •  •  Ip  18  14  It  It  80 

FtEQUCNCYCCtS) 


Figur*  14.  MioU  body  awchonlcol  Jopodonco  vartus 
froquoncy.  with  toblo  aecoloratlon 
layaV  at  a  parapotar.  aubjact  ROE. 
standing  ralaxad 


supine  attitude,  figures  13  and  14  represent  the  same  subjects  in 
the  relaxed  standing  attitude.  These  particular  tests  had  a 
twofeid  purpose:  (l)  to  determine  the  impedance  in  the  two 
attiiudes  and  (2)  to  Investigate  the  dependence  of  impedance  on 
the  intensity  of  the  vibrations  as  expressed  by  the  acceleration 
level  of  the  shaketable,  i.e. ,  the  linearity. 

From  the  curves  of  the  supine  position  it  is  evident  that 
the  impedance  decreases  with  increasing  Shaketabie  acceleration 
level.  The  first  resonant  frequency  also  depends  upon  acceler¬ 
ation  level.  It  occurs  in  the  5^  to  7i  cps  interval  decreasing 
with  increasing  acceleration.  A  second  resonance  appears  at  11 
cps  for  AEF  and  14  cps  for  R6E,  At  this  resonance,  impedance 
also  decreases  with  increasing  intensity  levels,  but  the  freq¬ 
uency  shift  due  to  intensity  is  not  clearly  expressed. 

In  the  standing  position  a  very  prominent  resonance  occurs 
in  the  4-5  cps  frequency  interval.  The  measurements  on  RGE 
(fig.  14)  again  show  that  impedance  value  and  resonant  frequency 
shift  downward  when  the  shaking  intensity  is  increased,  but  the 
effect  on  AEF,  if  present  at  all,  is  within  the  limits  of  accuracy 
of  measurement. 


Supine  on  Fadded  Support 

Figures  15  end  16  contain  the  impedance  curves  of  subject 
AEF  In  the  supine,  relaxid  attlt^e  the  same  as  those  shown  in 
figure  11.  In  addition  there  are  curves  for  the  total  impedance 
of  this  subject  plus  a  foam  rubber  pad  or  plus  a  cotton  mattress, 
respectively.  The  purpose  of  these  tests  was  to  gain  some  insight 
into  the  effects  of  cushioning.  To  be  emphasized  is  that  the 
Impedance  without  padding  represents  the  impedance  of  the  subject 
alone  while  the  other  curves  represent  the  impedance  of  the  sub¬ 
ject  plus  the  padding.  The  comparison  Is  therefore  not  one  of  the 
subject's  Impedance  as  recorded  with  and  without  padding,  but 
rather  that  of  the  impedance  of  the  subject  to  that  of  the  sub¬ 
ject  and  pad. 

An  ambulance  stretcher  foam  rubber  pad  and  a  standard  cotton 
mattress. (no  springs)  were  used.  They  were  positioned  on  the 
support  structure  used  for  the  previous  supine  position  tests, 
and  the  subject  then  assumed  the  supine  relaxed  attitude  atop 
the  padding.  Figure  15  contains  the  impedance  versus  frequency 
plots  at  an  acceleration  level  of  0,5  g  throughout  the  frequency 
range  and  at  0.35  0  from  1  to  10  cps.  Figure  16  is  the  impedance 
versus  frequency  graph  with  the  cotton  mattress  at  0.5  g.  From 
static  tests  made  on  the  two  paddings  the  foam  rubber  pad  was 
found  to  have  lower  coefficient  of  elasticity  (and  apparently 
lower  damping)  than  the  cotton  mattress. 

Note  the  shift  in  resonant  frequencies  due  to  the  rubber  pad 
and  lack  of  this  characteristic  with  the  mattress. 
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PHASE  ANGLE  (DEGREES)  IMPEDANCE  (LB-SEC/IN) 


0  2  4  6  8  10  12  14  16  18  20 

FREQUENCY  (CPS) 


Figure  15*  Whole  body  mechenicel  InpOdencb  versus 
frequency*  for  two  teble  ecceleretlon 
levels*,  subject  AEF|  suj^lne  relaxed 
with  and  without  foam  rubber  padding  of 
the  support* 
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PNASC  ANA^U  (DEGREES)  IMPEOANCE  (LB-SEC/tN) 


FREQUENCY  (CPS) 


FIfurt  ts.  MmI#  fcody  MtdiMiical  iM|Md«nc«  versus 
^  frequency  for  subJjMt  AEF,  supine  re- 

0*5  t  ecceteretlun  level, 
with  end  without  cotton  mettress  on 
the  support 


Nems*  th*  shtkttal^U  vfldtlty  at  any  ona  fraquancy  Mat 
tha  tana  for  tfta  subjact  alona  and  for  subjact  plus  paddtng, 
tlia  Incraasad  Inpadanca  ratulting  fron  tha  padding  addition  tn- 
dicatat  that  a  hlghar  force  It  trantmlttad.  Without  tha  pad 
this  foirca  transMistion  is  naasurad  batMaan  the  support  and  tha 
subject ;  wi  th  the  added  pad  tha  mcasuraiiant  It  made  bettMon 
tha  tupport  and  tha  padding.  Contequantly.  no  conclutiont  nay 
ba  litda  at  to  the  inpadanca  of  tha  tubjact  Mhan  atop  tha  padded 
tupport  uniast  the  tnpa^nce  Of  tha  paMIng  is  sonahOM  conputed 
or  naasurad. 


Lateral  Position.  Relaxed  State 

AEF  MSS  tasted  in  tha  iataral  position,  both  on  tha  right 
and  left  tide.  Tha  results  are  shoun  in  figure  17.  RGE't 
raactlon  to  vibration  uhila  lying  on  hit  right  side  It  seen 
fron  figure  18. 

The  typical  resonance  at  about  5  to  6  cps  occurs  in  all 
catat.  Another  resonance  appears  to  exist  at  14  to  18  cps. 
but  it  Is  not  certain  that  this  It  due  to  the  aforenant toned 
Morking  characteristic  of  the  platfora.  A  slight  difference 
in  the  location  of  the  subject's  center  of  gravity  on  tha  plat- 
forn  night  causa  this  resonance  to  ba  or  not  to  be  present . 

Sea  figure  17* 


'  ‘I  j? 
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WAtl  ANALC  fOeOACeS)  IMfCDANCA  (LB-SCC/IN) 


PtfUf*  t7«  liiol*  body  iMchonieal  Impodonco  versus 
frofuoney,  subject  AEF,  leterel  relaxed 
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PHASE  ANGLE  (DEGREES)  IMPEDANCE  (LB-SEG/IN) 


F^’^SQUfNCV  (CPS) 


FIgur*  18.  WhoU  iKkIy  nwch«nlc«l  Impadance  varsus 
fraquancy,  subjact  R6E,  lataral  ralaxad 
c!  .  on  right  si  da 
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SECTION  V 


CONCLUSIONS  AND  CORRELATION  TO 
RELATED  INVESTIGATIONS 


Prominent  resonances  like  those  indicated  by  impedance  peaks 
represent  vibration  frequencies  which  shouJd  be  of  primary  inter¬ 
est  In  protective  design  of  manned  vehicles.  The  question  now 
arises  whether  or  not  laboratory  results  such  as  those  presented 
in  Section  iV  can  be  accurately  extrapolated  to  vibrations  of 
very  high  intensity.  This  extrapolation  would  be  simple  if  only 
sinusoidal  vibrations  were  encountered  and  if  the  human  body 
responded  to  such  vibrations  in  a  linear  fashion.  Tiien  the  imped¬ 
ance  and  the  resonant  frequencies  would  be  independent  of  the 
shaking  intensity  whether  expressed  in  terms  of  amplitudes  or 
peak  velocity  or  peak  accelerations:  or,  in  other  words,  the 
force  between  subject  and  support  would  increase  linearly  with 
these  parameters.  In  previous  investigations  this  had  been  assumed 
and  measurements  undertaken  on  groups  of  subjects  at  various 
shaking  intensities  had  been  standardized  by  linear  reduction  and 
averaged.  In  the  present  study  only  two  subjects  were  used 
Individually,  but  their  responses  were  measured  white  not  only 
the  frequency  but  also  the  Intensity  of  the  vibration  was  systemat¬ 
ically  varied.  Figures  II  through  14  show  that  a  degree  of  non¬ 
linearity  exists,  i.e.,  as  the  shaketable  acceleration  level  is 
raised  the  impedance  is  Iqwered,  The  trend  of  nonlinear  response 
is  quite  evident  even  though  the  ecceleration  spectrum  for  the 
human  subjects  had  to  be  kept  below  0.5  g  f^  safety's  sake. 

Krause  and  Lapga  (ref.  8)  have  investigated  the  impedance  and  de¬ 
formation  of  a  pig  at  acceleration  levels  up  to  3>0  g.  Their 
studies  confirm  the-Jixistenc<e  of  e  nonlinear  response  but  more 
extensive  testl^ViTr^e  required  to  establish  the  exact  degree 
of  noni infif ity^  White  et  al  (raf.  13)  end  Clark  et  ai  (ref.  2) 
noticed  unexpected  fluctuations  of  coloh  pressure  and  body  deform¬ 
ation  around>j»oints  of  resonance  end  attributed  these  to  possible 
nonlineerff facts.  The  present  investigation  also  illustrates 
nonlinear  response  being  most  prominent  at  r'esonant  frequencies. 

To  further  establish  the  degree  of  nonlinearity  of  the 
human  body  to  vibration,  additional  testing  is  recommended  at 
higher  acceleration  levels  mfing  more  subjects  than  were 
tested  in  this  investigation. 

In  the  roiOx^tl  supine  position  the  fremney  range  from 
to  cps  contains  the  first  resonance,  f  pm  body  deformation 
studies  made  concurrently  with  this  Impedance  Investigation  the 
frequency  Interval  of  5i  to  6^  cps  was  also  found  to  contain 
the  peak  deformation  of  chest,  upper  abdomen,  and  lower  abdomen. 

Thus,  for  this  attitude  frequencies  In  the  range  of  5i  to 

cps  should  certainly  be  avoided  (although  nonlinear  effects 

could  shift  this  critical  frequency  Interval  at  higher  accelerations). 
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Ths  Impedance  In  the  relaxed  lare--al  posit; ion  (figures  1 7" S3) 
does  not  differ  significantly  from  that  cf  the  relaxed  supine 
attitude,  except  for  a  slight  decrease  of  the  frequency  of  the 
primary  resonance. 

The  in^edance  in  the  standing  position  (figures  shows 

a  resonance  between  k  and  5  cps,  depending  upon  table  acceleration 
level  and  probably,  to  some  extent,  upon  exact  attitude.  A 
second  resonance  region  is  noted  fro.*n  M  to  15  cps.  Coermann 
(ref.  3)  reported  the  impedance  peaks  of  a  hiBnan  subject,  standing 
erect  (tensed),  (at  one  table  accclerst ion  level  only)  at  6  and 
11.5  cps.  The  peak  impedance  rriagnitude  reported  by  Coermann  for 
a  subject  standing  erect  is  approximately  30  pour  's-seconds  per 
inch  compared  with  approximately  22  pounds-seconds  per  Inch  found 
in  this  study  ;'or  a  subject,  standing  relaxed.  The  increase  of 
the  initial  resonance  impedance  due  to  tensing  the  muscles  in  the 
supine  position  was  found  to  be  35“^Cfi4  in  the  present  investigation 
Tnis  compares  favorably  to  the  difference  of  the  impedance  of  the 
standing  erect  position  reported  by  Coermann  and  the  value  obtained 
in  the  current  investigation  if  tensing  the  muscles  increases  the 
spring  properties  and  decreases  body  damping. 

The  results  of  vibration  testing  of  anesthetized  animals 
should  be  extrapolated  tc  human  vibration  response  very  care- 
f  lily  in  view  the  c  oendence  of  irspedance  on  muscle  tone  as 
established  by  this  investigation. 

To  investigate  the  effects  of  padding  it  is  recommended  that 
a  technique  be  developed  by  vdilch  the  impedance  of  the  padding 
may  be  subtracted  fror.i  the  total  in^dance  to  yield  that  of  the 
subject  alone,  principally  In  the  same  manner  in  which  »^hc  imped¬ 
ance  of  the  mass  of  the  support  is  now  subtracted.  This  value 
may  then  be  compared  to  that  of  the  iiif>edance  of  the  subject 
without  padding,  and  consequently  a  true  measure  of  the  force 
transmitting  characteristics  of  the  padded  support  may  be  obtained. 
The  impedance  curves  of  subject  plus  padding  as  presented  in  this 
investigation  show  a  shi'’t  in  resonant  frequency  and  an  increased 
Impedance  compared  to  the  iri4>edance  of  the  subject  alone.  How¬ 
ever,  It  is  not  known  to  what  degree  this  response  would  be  altered 
by  eliminating  the  impedance  of  the  added  pad. 

Coermann  et  a1  (ref,  3)  using  the  imp^cdance  technique  found 
5  cps  to  be  the  resonant  frequency  for  sitting  subjects  exposed 
to  sinusoidal  motion  while  Wfttwer  (ref,  *5),  White  et  a!  (ref. 

13),  and  Clark  et  a!  (ref,  2)  using  impedance,  colon  pressure, 
and  body  deformation,  respectively,  all  reported  resonant  freq¬ 
uencies  in  the  4  to  7  cps  intervcil  Ziegenruecker  and  Mag  id 
(ref,  17)  reported  the  subjective  human  tolerance  of  sitting  subjec 
to  vertical  vibration  and  found  .hat  from  4  to  8  cps  subjects 
could  tolerate  ’ess  intensity  than  at  other  frequencies.  Mciv 
data  gained  in  this  investigation  shew  that  in  the  supine  and 
lateral  positions  impedance  peaks  occur  within  this  same  frequency 
range. 
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From  this  investigation  the  impedances  of  the  supine,  lateral, 
and  standing  positions  have  been  reported.  The  cnanner  in  v^ich 
impedance  varies  with  muscle  tone  has  beea  illustrated.  Non- 
linearity  of  the  human  body  has  been  shown  to  exist,  and  ah  initial 
attempt  to  determine  the  effects  of  protective  padding  has  been 
fTiade. 
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